Abstract-Grounding grid is responsible for driving lightning and short circuit currents into ground. Faults in substation grounding grid can lead to significant rise in surface potential and ultimately loss to power system and operators. This paper proposes a novel technique based on derivative method to diagnose breakpoints in grounding grid. Derivative of surface magnetic flux density on circle results in peak at conductor's location. Once a conductor is broken the flow of current and surface magnetic field ceases, which is recognized by the absence of peak at corresponding conductor's location. The use of circle even enables this method for diagnosing diagonal branch. Furthermore, the method is analyzed for soil of different resistivities and monolayer and multilayer soils. Simulation results show that the proposed method is feasible for breakpoint diagnosis of grounding grid without excavation.
INTRODUCTION
Grounding plays an important role in the safe operation of power system. The element that drives fault currents into earth is known as grounding grid. Grounding grid is a network of horizontal conductors that is made up of metal or metal alloys like copper, steel, galvanized steel, etc.. This grounding grid is buried 0.3 m to 0.5 m (equivalently 12 in to 18 in) deep in the soil [1] . Grounding grid is usually rectangular in shape with mesh spacing 3m to 7 m. Grounding grid can take any topology depending on substation configuration. Due to the presence of water particles and air gaps in soil, grounding grid is subjected to soil corrosion. With the passage of time grounding grid gets corroded and may break. This limits the efficiency of grounding grid and may get unnoticed due to hidden in soil.
Earlier, excavation was the method to check the status of the grid. However, excavation is costly and time consuming. Recently, fault diagnosis of grounding grid has attracted the attention of many researchers. The methods of grounding grid fault diagnosis developed till date include electrochemical detection method [2] , electromagnetic induction method [3] [4] [5] , transient electromagnetic imaging method [6, 7] and method based on theory of electric circuit [8] [9] [10] . Electrochemical detection method determines the degree and rate of corrosion by measuring electrochemical properties between grid conductors and soil. This method works well for corrosion diagnosis but fails to detect breakpoints [2] . [3] used electromagnetic induction method and method of moment (MOM) to develop mathematical formula for calculating leakage current. This method fails to deliver the standard value of leakage current used to differentiate between normal and broken conductor. Dawalibi [4] , measured surface magnetic flux density by injecting direct current into down-lead wires. This method is not valid for grounding grid corroded but not broken. Transient electromagnetic imaging (TEM) method calculates resistivity from magnetic field produced by induced eddy currents [6, 7] . This method is applicable for breakpoint diagnosis but lacks to differentiate between broken conductor and absent conductor. The electric circuit method and surface potential difference method fail because the change in grounding resistance and surface potential is not large enough even if the grid is broken [8] [9] [10] . Furthermore, all the above methods were tested for grounding grids with simple rectangular topology.
In this paper, a new method for breakpoint diagnosis of grounding grid is proposed using magnetostatics and derivative method. Derivative method was used previously to locate branch position [11] . Further, derivative method was used to measure the topology of grounding grid [12] . In this study current is injected through vertical conductors in grounding grid which results in surface magnetic flux density. Derivative of surface magnetic flux density on circle is taken to diagnose breakpoints. Presence and absence of peak in magnetic flux gradient graph at conductor's location differentiates between a normal and broken conductor. Moreover, the use of derivative on circle makes the method operational for complex topology containing diagonal conductor. Additionally, the proposed method is examined for parameters like soil resistivity and multilayer soil. The rest of the paper is organized as follows. Section 2 explains the proposed method. In Section 3, simulation and results are discussed. Section 4 concludes the paper with future directions.
PROPOSED METHOD ILLUSTRATION
Grounding grid mesh usually contains a lot of branches and nodes. Here a single current carrying conductor is analyzed to explain the method. Fig. 1 shows conductor A of length L placed along y-axis. It is buried at depth h below the surface in a monolayer soil with magnetic permeability μ. DC current I flows through the conductor which according to Biot-Savart's law [13] , produces magnetic flux density B above the surface. From Fig. 1 the contribution of conductor A to the magnetic flux density B at point P (x, y, h) is expressed as:
whereây shows the direction of current I and R is the vector directed from differential element dl to point P (x, y, h). 
Derivative on Circle
Derivative method is used to eliminate ECG artifacts from EEG [14] . Similarly it is used to recompense the frequency and amplitude loss of propagating seismic waves. Furthermore, it is also used to improve the resolution ratio of GPR data [15, 16] .
To understand the role of circle in this method, Fig. 2 is taken into account. As circle is a geometric element in polar coordinates specified by its radius r, angle θ = 2π radians and centre point. Point p(r, θ) is located on circle C c only if the circle is centred at the pole of the coordinate system. Mathematically circle is expressed as:
To diagnose a broken conductor, location of the conductor is of great significance. For this sake, in Fig. 1 derivative of surface magnetic flux density (B z ) is taken on circle C. This circle C is centred above the origin O so that the condition presented in Fig. 2 is accomplished.
Outcome of derivative on circle C is mathematically expressed as:
Giving a closer look at (5) shows that dBz dθ is maximum at θ = π 2 radians and x = 0, which represents the location of the buried conductor A. Furthermore, the result of dBz dθ is graphically illustrated in Fig. 3 which is in complete accordance with the mathematical result. Peak of magnetic flux density gradient is located at 1.57 radians which shows the presence of conductor A along y-axis. Due to the fact that magnetic field is equally distributed on either side of a current carrying conductor, its derivate results in a peak at conductor's location. Now this presence of peak at conductor's location reveals the flow of current, a normal conductor. As the conductor is broken, it is unable to conduct. No current means no magnetic field.
SIMULATION AND RESULTS
In this section the proposed method is simulated to test its feasibility using COMSOL Multiphysics 4.4. COMSOL works on Finite Element Method (FEM). Under AC/DC module a magnetic and electric field interface is used to perform the simulations.
Simulation Model
The simulation model features 3 × 3 square grid made up of steel conductors having conductivity 4.032 × 10 6 S/m and radius 0.01 m. The dimensions of the grid are 6 m × 6 m with mesh spacing equals gives five peaks at 0 radians (branch b 7 ), 0.78 radians (branch b d ), 1.57 radians (branch b 9 ), 3.14 radians (branch b 6 ), and 4.71 radians (branch b 4 ). The presence of these peaks assures that the corresponding branches are not broken. On the contrary, peak at 1.57 radians (branch b 9 ) is missing. This shows that branch b 9 is broken. The same procedure is repeated for diagonal branch b d . In case of normal condition (branch b d not broken) peak is present at 0.78 radians which is the location of branch b d on C 0 . When a broken cut of 2 cm is introduced to branch b d , its status is identified by the absence of peak at its location. Breakpoint analysis of branch b d is shown in Fig. 6 .
As grounding grid is buried in soil, influence of varying soil resistivity on the proposed method is tested. Furthermore, the soil can be monolayer or multilayer. The method is also simulated for multilayer soil.
Effect of Soil Resistivity
Resistivity of soil ranges from few ohm-meters to hundred ohm-meters depending on the location and weather conditions. The derivative method of breakpoint diagnosis is simulated for varying soil resistivity. The soil resistivity values taken in the simulation are 20 Ωm, 100 Ωm and 1000 Ωm. Moreover, the simulation is performed for normal and broken grid.
Analyzing Fig. 7 , soil resistivity has no impact on the derivative method. The location of | B z | peak and even its amplitude remains unchanged for either value of soil resistivity. This may be due to the fact that the conductivity of soil is too low as compare to the conductivity of steel conductors (4.032 × 10 6 S/m). The largest percentage difference for Fig. 7(b) is 3.35 × 10 −14 %.
Multilayer Soil
Resistivity of soil varies with depth from the surface. The proposed method is simulated for two-layer soil. Fig. 8 illustrates two-layer soil model. Depth of upper layer is taken as 0.2 m while depth of lower layer is taken as 0.4 m. The values of resistivity considered are 100 Ωm and 1000 Ωm. Fig. 9 shows the effect of multilayer soil on the proposed method. Simulations are performed for broken grid (diagonal branch b d ) considering positive and negative reflection factor K. Reflection factor K is mathematically expressed as [17] :
where ρ 1 is the resistivity of upper soil layer and ρ 2 is the resistivity of lower soil layer. A closer observation of Fig. 9 shows that derivative method of breakpoint diagnosis equally works for grounding grid buried in multilayer soil. The results are consistent regarding the amplitude and location of peaks. Moreover, the method is also independent of reflection factor K.
CONCLUSION
In this paper, a novel technique based on derivative method for breakpoint diagnosis of substation grounding grid is presented. Using the derivative of surface magnetic flux density on circle, this method not only is applicable to simple branches but also diagnoses broken diagonal branch. This is a clear advantage of the proposed method over other existing methods for breakpoint diagnosis. The proposed method is investigated for parameters such as varying soil resistivity and multilayer soil. From the results it is determined that the method is not affected by varying soil resistivity and is applicable for multilayer soil. Results show that the method is feasible for diagnosing breaks in grounding grid without excavation. Secondly, the method is feasible for grid topology having diagonal branch.
Strong electromagnetic interference (EMI) in substation can affect the performance of our proposed approach. Therefore, we would like to address this issue in our future work.
